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During t h e . p a s t  th ree  years the existence of d i scre te  x-ray sources 
' 3  

outside the  s o l a r  system has been demonstrated qui te  conclusively by the  NRL 

2 
.* 

group', t he  MIT group , and by Fisher and Meyerott3. About t en  such sources 

have been discovered so far and a general i so t ropic  background x-ray f lux has 

a l s o  been reported. The d iscre te  sources appear t o  have a s p a t i a l  d is t r i -  

f 

bution showing a concentration toward the  plane of t h e  galaxy, indicat ing 

t h a t  the  sources are probably ga lac t ic  and at  cha rac t e r i s t i c  distances of 

r~ 1 - 10 kpc. One of t he  sources appears t o  be i n  the  d i rec t ion  of the ga lac t ic  

center. '  "&e most intense o f t h e  x-ray sources is t h a t  i n  t h e  cons te l la t ion  

Scorpius, from which a f lux a t  the ea r th  of about Fx 

detected; the  Scorpius source has not been iden t i f i ed  with any opt ica l  or 

radio emitter. The one x-ray source which has been iden t i f i ed  with any cer- 

t a i n t y  i s  the  Crab Nebula f o r  which Fx 

most of t h e  o ther  x-ray sources are roughly the same as t h a t  from the  Crab. 

Although the  nature of a l l  of these x-ray sources i s  not known, we f e e l  t h a t  

2 erg/cm -sec is  

2 erg/cm -sec; the  fluxes from 

recent t heo re t i ca l  work on the  in te rpre ta t ion  o f  the  observations allows one 

t o  r e j e c t  many of t he  mechanisms proposed f o r  t h e  x-ray production. There are 

s t i l l  problems connected with the mechanisms thought t o  be acceptable and 

these  w i l l  be discussed b r i e f l y  here.  A more complete discussion of these 

problems, along with the  detai ls  of some associated calculat ions,  w i l l  be 

published elsewhere. 

There are es sen t i a l ly  four possible or igins  or mechanisms for the  x-ray 

production: (1) neutron s t a r s ,  (2)  Compton sca t te r ing ,  (3) bremsstrahlung, 

and (4) synchrotron emission. When x-ray sources were f irst  discovered t h e  

p o s s i b i l i t y  t h a t  they were neutron stars was discussed a t  length, but it 

appears t h a t  the  recent work of Bahcall and Wolf and others on the  cooling 
4 

, 
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,- 
(now thought t o  be very rapid) of neutron s t a r s  has shown t h a t  they are 

milikely t o  be emitt ing suf f ic ien t  x-rays t o  explain the  observations. 

. .  

Compton sca t t e r ing  of high energy electrons by low energy (- eV) photons, 

producing high energy photons, has not been discussed extensively as a 

mechanism f o r  x-ray production in  d iscre te  sources. It has been suggested 

t h a t  the  x-rays from the  Crab are due t o  Compton sca t t e r ing  of t h e  ( rad io  t o  

5 

opt ica l )  synchrotron electrons by the  associated synchrotron photons. However, 

t he  in t ens i ty  of t h i s  Compton-synchrotron radiat ion can be shown t o  be far too  

s m a l l  (by a f ac to r  - 10 

e f f e c t  can 'eas i ly  be worked out in some d e t a i l  but i t s  unimportance can be . 

/ -6 6 ) t o  account f o r  the  observed x-ray flux . This ~ . 

seen R a d i l y  i f  one estimates the probabi l i ty  of 'a Compton sca t t e r ing  of a 

photon before escaping f romthe  nebula. One might th ink  t h a t  Compton sca t t e r ing  

might produce a large x-ray flux from quas i - s t e l l a r  radio sources i n  which t h e  

photon density and the  high-energy e lec t ron  density are large.  

.- 
Again, however, 

simple calculat ions indicate  a completely negl igible  and unobservable x-ray 

f lux  from this process. Consequently, we are l ed  t o  rule out Compton sca t t e r -  

ing as an x-ray production mechanism i n  d iscre te  sources. This leaves only 

t h e  synchrotron and bremmstrahlung processes as possible x-ray sources. 
I 

F i r s t  &e consider the poss ib i l i t y  t h a t  the  x-rays are synchrotron 

7 -8 rad ia t ion  . 
erg/cm2-sec comes from a source at a ga lac t i c  distance r = 10 kpc, the  x-ray 

We assume f o r  the  moment t h a t  t h e  x-ray energy f lux  Fx = 10 

2 luminosity of the  source i s  then L (a r ) = 1 x erg/sec.  Further, we 

assume f o r  s implici ty  t h a t  t h e  x-ray flux is  a t  an e f fec t ive  wavelength 3A 

and frequency v = 10l8 c/s, which is  the  cha rac t e r i s t i c  synchrotron frequency 

X 
0 

v y L e  emitted by electrons of energy Ee = ye me2; vL is the  Larmor frequency. 

-4 For a magnetic f i e l d  H = 10 

e l ec t ron  energy required i s  Ee (a H'3) = 3 x 1013 eV. 

gauss ( the  assumed value 
1 

i n  t he  Crab Nebula) t he  

For such a high energy 



,.- 
I 

* .  

c 

. 
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e lec t ron  the  l i fe t ime against  energy l o s s  by synchrotron emission i s  only 

Ee(dEe/dk)-' = T ~ ( ~  H - '3 /2)  = 30 yr .  The t o t a l  energy i n  these electrons , 

necessary t o  produce the  luminosity L i s  E (a r H 47 -'I2) = 1 x 10 erg .  

We note t h a t :  (1) the  e lec t ron  energies required t o  produce synchrotron 

x-rays a re  extremely high,. (2)  t h e i r  l i fe t ime i s  very shor t ,  and (3) the  

X t 

t o t a l  e lectron energy involved i s  comparable t o  the energy released i n  a 

supernova outburst .  Actually, the energy E quoted above is  r ea l ly  the  

minimum energy of  t he  highly r e l a t i v i s t i c  e lectrons,  s ince it includes only 

t 

t h e  synchrotron electrons producing x-rays. The contr ibut ion of the  lower 

energy extension o f  the e lec t ron  spectrum t o  the  t o t a l  energy would increase 

. .-. 
t he  value of the t o t a l  energy by an amount depending on the index of t he  

spectrum and the  low energy cutoff.  For t he  case8 of t he  Crab Nebula the  

extension of t he  x-ray spectrum (which has an index of about 1.1) t o  the  

v i s i b l e  leads t o  a t o t a l  e lectron energy which i s  not excessively large 

(- 10 e r g ) .  
48 However, it i s  very s igni f icant  t h a t  t he  lifetime of the  high 

- energy electrons is  appreciably l e s s  than the age of t h e  Crab Nebula and 

o ther  supernova remnants, because it would mean t h a t  t h e  high energy electrons 

would have t o  be continuously or a t  l e a s t  per iodical ly  produced. If they are ,/ 

spasmodically produced or accelerated one might expect t o  observe var ia t ions  

i n  t h e  x-ray in t ens i ty  over time scales  10 y r .  It i s  a l so  s igni f icant  t h a t  

for t he  Crab there  can a t  present be no continuous production v ia  nuclear 

co l l i s ions  and n-JL decay, since the associated flux of high energy photons 

from t he  decay of n"-mesons would be too high . a 

In the  case of t he  Crab it is w e l l  known t h a t  it i s  emit t ing op t i ca l  and 

rad io  synchrotron radiat ion as well as x-rays. 

and radio observations9 o f  the  galact ic  center  region. 

We s h a l l  now compare the  x-ray 

In Figure 1 these 

observations are  p lo t ted  together with the  extensions of power l a w  spectra  

- 4 -  
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derived f o r  indices within l i m i t s  ( -  0.72 Ito.05) such as t o  fit the  radio data. 

. 

The f a c t  t h a t  the  x-ray point  l i e s  so close t o  t h i s  extrapolat ion over a 

fac tor  of lolo i n  frequency of t h e  radio data i s  remarkable. 

t h a t  a s ingle  mechanism is  operating, t h e  r a t i o  of t h e  ha l f l i ves  ( T ~ T ~ )  of  

the  electrons giving rise t o  radiation i n  t h e  two d i f f e ren t  spec t ra l  regions 

i s  ( V , / V ~ ) - ~ .  

While it suggests 

1 
It should be added tha t  i f  there  i s  a continuous synchrotron 

spectrum over t h i s  range,detection o f  rad ia t ion  i n  the  op t i ca l  and infra-red 

regions w i l l  not be possible because of obscuration by i n t e r s t e l l a r  matter on 

t h e  one hand and thermal radiat ion from stars on the  other.  

It is  e a s i l y  shown t h a t  f o r  reasonable values of the  spec t r a l  index 

(a 2 0 .5 )  of the  x-ray sources, the extension of t he  spectra  t o  lower fre- 

quencies would mean t h a t  they would be e a s i l y  detectable as radio sources and 

might a l so  be seen as f a i n t  opt ical  nebulae. If such ident i f ica t ions  cannot 

be made, and i f  t he  synchrotron mechanism i s  responsible, there  must be a 

sharp cutoff  i n  the  energy spectrum of the  electrons,  and t h i s  low energy 

L cutoff  must be a t  energies greater  than about 10l2 ev f o r  assumed magnetic 

-4 f i e l d s  of order 10 

with energies 2 10l2 ev can be produced without giving r i s e  t o  large low 

energy fluxes,  e i t h e r  i n  an acceleration process, or by deceleration by the  

synchrotron process i t s e l f .  The only model which would seem t o  be possible  

gauss. It is very d i f f i c u l t  t o  see how fluxes o f  e lec t rons  

would be d i r ec t  in jec t ion  already at the  highest  energies from a source i n  

she 1.emnant and then d i r ec t  escape. The source must be continuously ac t ive  

If t h e  f lux  is  t o  be maintained. It can a l so  be deduced t h a t  t he  x-ray f lux  

would then a-rtse i n  a very small volume with an upper l i m i t  o f  perhaps one 

parsec i n  extent .  ' 

Because of t he  d i f f i c u l t i e s  associated with such models, we bel ieve t h a t  I 

, it is worthwhile considering an a l t e rna t ive  model i n  which it i s  supposed z 

- 5 -  



t h a t  an outburst gives r i s e  t o  a small very hot cloud which continues t o  emit 

hard radiat ion as pa r t  of t h e  thermal bremmstrahlung. 

propert ies  associated with such a model. 

We discuss now the  

Two of us suggestedlO e a r l i e r  t h a t  

t he  x-rays from t h e  source at  the ga lac t ic  center  resu l ted  from bremsstrahlung. 

A t  t he  time we envisaged bremsstrahlung production by non-thermal e lectrons.  

However, as w a s  f irst  pointed out by Rossi l l ,  about 10 5 times as much energy 

would be l o s t  by these e lec t rons  i n  i n e l a s t i c  atomic co l l i s ions ,  s o  t h a t  i f  

t he  x-ray luminosity of t he  source at the  ga lac t ic  center  i s  erg/sec, 

about erg/sec must be supplied. This energy rate is excessively la rge  

on a ga lac t ic  time scale  (lo1’ yr) ,  although perhaps it may be supplied during 

shor t e r  times. 

,production is more e f f i c i e n t ;  these a re  real ized i.n a high temperature ( T  N 10 

One i s  l e d  t o  consider conditions where bremsstrahlung x-ray 

7 O  K) 

and low density gas where t h e  bremsstrahlung i s  produced by thermal e lectrons 

l and cons t i tu tes  a major source of cooling or energy l o s s  f o r  t he  gas. An assoc- - -’-- 

iated problem i s  t h a t  of t he  cooling r a t e  of such a high temperature gas; we 

have considered t h i s  question and present here the  e s s e n t i a l  r e su l t s ,  t he  dis-  

cussion and d e t a i l s  t o  be given elsewhere. In  Fig. 2 we give the  rate of l o s s  

fle (erg/crn3-sec) of  t he  k ine t i c  energy of the  electron gas of density n by 

var ious processes i n  the  temperature range between 10 

:I: C,‘?;t-i e 
6 i d  In &, 

and 1080K11. It i s  

seen t h a t  bremsstrahlung dominates the  cooling at higher temperatures. I n  

Fig. 2 we give the  rate of production of x-rays (p 

range as a function of  temperature by various processes. The cooling time 

(‘re m 3 k Te/nene) ,  density (ne) and mass (M) of a volume ( V )  of gas required 

t o  produce the  observed x-ray fluxes are  of prime i n t e r e s t .  We assume the  

/ 
2 

= P8x/ne) i n  t he  1 - 10 keV 
X 

. 

source t o  be a t  a distance of r = 10 kpc and t o  produce an x-ray ener&y flux 

= lom8 erg/cm2-sec i n  the  range 1 - 10 keV. Further, we assume the  gas t o  Fx 
be at a temperature of 107’K; parameters for other  values of t he  temperature 

- 6 -  



2 2 
= px ne V/41-rr , t h i s  

cm . Then f o r  a 

may be determined readi ly  from Figs. 2 and 3.  Since F 

choice of Fx, T, and r f ixes  the  product neV at 4 x 10 

X 

2 61 -3 

4 -3  - 10 8 t o  10 3 y r ,  v -10 8 t o  10 -2 pc3, and ' Tc range n = 0 . 1  t o  10 cm e 

I C  

5 M 4 x 10 t o  4 s o l a r  masses. The associated op t i ca l  bremsstrahlung in t ens i ty  

i s  of i n t e r e s t  and depends only on the  choice of T. One f inds t h a t  t h i s  

i n t ens i ty  corresponds t o  a 12th magnitude v i sua l  object  which may be observable, 

depending on the  extent  of the  source. 

As ye t  it i s  d i f f i c u l t  t o  express a preference f o r  e i t h e r  the  synchrotron ' 

or bremsstrahlung hypothesis f o r  the x-ray production mechanism. 

emphasized, . t he  energy l o s s  time scales f o r  t he  high energy synchrotron e l e c t -  

rons are very short ,  while very high temperatures are  required t o  produce 

bremsstrahlung x-rays. Although the bas ic  mechanism remains uncertain, we 

As we have 
I 

f e e l  t h a t  t he  l i k e l y  or ig ins  of the x-ray sources are supernova outbursts.  

For it is known t h a t  supernova remnants are  synchrotron emit ters  i n  t h e  radio 

range (and i n  t h e  case of the  Crab i n  t h e  op t i ca l ) ,  and it i s  believed t h a t  

temperatures N 1 0 7 0 K  are produced by the  shock front  associated with the  

expanding e j ec t a .  

rad ia t ion  detected from t h e  Crab by Clark1* requires a temperature of 2 x -10 O K ,  

which is  abotrt an order o f  magnitude higher than theo re t i ca l  estimates of t h e  

expected temperature. 

Crab result from the  synchrotron process. 

We might remark, however, t h a t  t he  very high energy (- 50 keV) 

8 

This would seem t o  suggest t h a t  t he  x-rays from t h e  

- 7 -  
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Fig. 1 - 

Fig. 2 - 

Fig. 3 - 

FIGURF: CAPTIONS 

The observed radiat ion spectrum from t he  ga l ac t i c  center.  Dots 

denote the  radio observations; an x denotes the  x-ray point,  

determined from an energy flux 10 -a erg/cm2-sec and bandwidth 

~ v / v  = 1 at  v 6 io18 C I S .  

Cooling r a t e  as 'a function of temperature. A, denotes the  rate of 

change of t he  f ree  electron k ine t i c  energy density.  Cooling by 

bremsstrahlung (B) , l ine  emission following i n e l a s t i c  e lec t ron  

co l l i s ions  (L) ,  and recombination (R)  is shown. 

following elements have been included: 

and (R)  H + He + 0 + Ne. 

X-ray production ra tes  i n  t h e  1 - 10 keV range by bremsstrahlung 

(B1) and recombination radiat ion ( R )  and l i n e  emission (L)  

( e s sen t i a l ly  only t h e  ion Ne+' cont r ibu tes ) .  

production r a t e  (Blo) i n  the  10 - 20 keV range i s  a l so  shown. 

The ions of the  following elements have been included: 

The ions o f  t he  

(B) H + He,  ( L )  0 + Ne, 

The bremsstrahlung 

(B1, Blo) H + He,  (L )  N e ,  and (R)  H + He + N + 0 + Ne. 
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